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Cylindrical Coordinates
p — radial distance
¢ — azimuth angle
Z - height
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FIG. 4
Smooth Solid Cylindrical Cathode
(Prior Art)

FIG.5
Helical Cathode With

Back-current Electrode
(Prior Art}

FIG. 6
Shaped Cathode
(Prior Art)
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METAMATERIAL CATHODES IN
MULTI-CAVITY MAGNETRONS

STATEMENT OF GOVERNMENT INTEREST

The conditions under which this invention was made are
such as to entitle the Government of the United States under
paragraph 1(a) of Executive Order 10096, as represented by
the Secretary of the Air Force, to the entire right, title and
interest therein, including foreign rights.

BACKGROUND OF THE INVENTION

The present imnvention generally relates to using metama-
terial structures i high-power microwave vacuum electron
devices and more particularly, 1t relates to using the metal-
thin-wire medium as an electron emitter in multi-cavity mag-
netrons. The metal wires are thin 1n relation to the wavelength
of the magnetron operation only. The actual thickness of the
metal wires may be as large as necessary for handling the
appropriate thermal loads within the multi-cavity magne-
trons.

The multi-cavity magnetron may be considered as a cylin-
drical magnetron diode with the cathode emitting electrons
and the anode consisting of a number of resonant cavities. The
cavities slow down the circumiferential component of the
clectromagnetic wave, which azimuthally travels between the
cathode and the anode. The traveling electromagnetic wave 1s
associated with the radio frequency (rt) electric field induced
within the magnetron. The external DC electric field E, 1n the
magnetron diode 1s directed radially from the anode to the
cathode. The external DC magnetic field H, 1s directed axi-
ally. The crossed external DC electric and magnetic fields
(E,xH,) force the electrons emitted from the cathode to drift
in the azimuthal direction. This drift forms the electron space-
charge cloud surrounding the cathode. The multi-cavity mag-
netron starts to generate (induce) the rtf electric field and
produce microwaves (output power ) when the azimuthal drift
velocity of the ematted electron 1s approximately equal to the
phase velocity of the circumierential component of the elec-
tromagnetic wave traveling in the same azimuthal direction.

The operating mode of the multi-cavity magnetron 1s the
transverse-electrical-like ('TE-like) mode of the magnetron
resonant cavity. The resonant cavity 1s formed by the cathode
and the anode of the magnetron. The frequency of the mag-
netron operation 1s determined by: (1) the geometry of the
resonant cavity; (11) the relation between the external DC
clectric and magnetic fields; and (111) the amount of the space
charge accumulated within the electron tlow rotating between
the cathode and the anode. The spatial distribution of the
induced rf electromagnetic field within the resonant cavity 1s
characterized by the TE-like mode pattern. This pattern 1s
characterized by the circumferential E | 4, and the radial E|
components of the electric field and the axial H, component
of the magnetic field. The number of the phase variations of
the induced r1 electric field 1n the azimuthal direction 1s deter-
mined by the operating frequency of the magnetron (mode of
the magnetron operation) and the anode geometry (number of
cavities). The number of the induced rt electric field phase
variations along the radius and the axis of the resonant system
are minimized. This allows the magnetron to operate 1n the
lower-frequency TE-like mode and prevents both the axial
and the radial modes competing.

Cathode priming of multi-cavity magnetrons results in
faster start-up times, locking of the magnetron oscillations
into the desired magnetron operating mode, and increasing
the total radiated microwave power/energy. Among earlier
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methods of cathode priming are: (1) the artificial selection of
the emitting regions on a surface of a solid cylindrical cathode
(the PAL cathode of the University of Michigan); (11) change
ol a geometrical shape of the solid cylindrical cathode (the
shaped cathode of the U.S. Pat. No. 7,245,082 B1, Jul. 17,
2007), FIG. 6; and (111) removal of longitudinal strips from a
thin-walled tubular cathode (the transparent cathode of U.S.
Pat. No. 7,696,696 B2, Apr. 13, 2010), FIG. 7. A new method
of cathode priming of multi-cavity magnetrons using
metamaterial structure as a unique cathode design 1s pre-
sented here resulting 1n 1improved output characteristics.

SUMMARY

The unique cathode designs using metamaterials for multi-
cavity magnetrons of the present invention result in faster
start-up times, locking of the magnetron oscillations 1nto the
desired magnetron operating mode, and increasing the total
radiated microwave power/energy. The metamaterial cath-
odes are made of a metal-thin-wire ((IMTW) medium charac-
terized by a specific MTW lattice topology. When individual
clements of the MTW medium are orniented parallel to a
non-zero component, either azimuthal or radial, of the rf
clectric field induced within the magnetron, the MTW
medium will exhibit metamaterial properties by proper selec-
tion of the wire geometry and the MTW lattice topology. If the
individual elements of the MTW medium are oriented longi-
tudinally, the MTW medium becomes a quasi-metamaterial
(rodded) medium that 1s transparent to both the azimuthal and
the radial components of the induced rt electric field. The
negative or zero permittivity € and/or the permeability p of
these cathodes significantly modity the induced rf electric
field distribution within the magnetron’s resonant system
with a corresponding change of 1ts dispersion diagram. These
metamaterial cathodes facilitate faster startup of microwave
oscillations and either artificial selection or intentional dump-
ing of either desired or undesired magnetron operating
modes.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a metamaterial cathode with metal-thin-wire
structures oriented parallel to the azimuthal component of the
induced rf electric field E;.

FIG. 2 1s a metamaterial cathode with metal-thin-wire

structures oriented parallel to the radial component of the
induced rf electric field E .

FIG. 3 1s a metamaterial cathode with metal-thin-wire
structures oriented parallel to the axial component of the
induced r1 electric field E_.

FIG. 4 1s a traditional smooth cylindrical cathode (prior
art).

FIG. § 1s a helical cathode with a central buck current
clectrode (prior art).

FIG. 6 1s the shaped cathode of U.S. Pat. No. 7,245,082
(prior art).

FI1G. 7 1s the transparent cathode o U.S. Pat. No. 7,696,696
(prior art).

FIG. 8 1s a cross-section of the resonant system of the CTL
CWM 75/100L magnetron with the metamaterial cathode
made of metal-thin-wire structures oriented parallel to the
circumierential component of imnduced rf electric field E
(F1G. 1 Cathode).

FIG. 9 15 a cross-section of the resonant system of the CTL
CWM 75/100L magnetron with the metamaterial cathode
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made of metal-thin-wire structures oriented parallel to the
radial component ot induced rf electric field E | (F1G. 2 Cath-
ode)

FIG. 10 1s a cross-section of the resonant system of the
CTL CWM 75/100L magnetron with the metamaterial cath-
ode made of metal-thin-wire structures oriented parallel to
the axial component of the induced rt electric field E_ (FIG. 3
Cathode).

FIG. 11a shows a particle plot (ICEPIC simulations)
within the resonant system of the CTL CWM 75/100L mag-
netron with the solid cathode of FIG. 4 (Prior Art).

FIG. 115 shows a particle plot (ICEPIC simulations)
within the resonant system of the CTL CWM 75/100L mag-
netron with the transparent cathode of FIG. 7 (Prior Art).

FIG. 11¢ shows a particle plot (ICEPIC simulations) within
the resonant system of the CIL CWM 75/100L magnetron
with the metamaterial cathode whose metal-thin-wire struc-
tures are oriented parallel to the axial component of the
induced r1 electric field E_ (rodded cathode) of FIG. 3, 10.

FI1G. 12a shows a plot of the anode current (ICEPIC simu-
lations) of the CTL CWM 75/100L magnetron with the solid
cathode of F1G. 4 (prior art).

FI1G. 126 shows a plot of the anode current (ICEPIC simu-
lations) of the CTL CWM 75/100L magnetron with the trans-
parent cathode of FIG. 7 (prior art).

FIG. 12¢ shows a plot of the anode current (ICEPIC simu-
lations) of the CTL CWM 75/100L magnetron with the
metamaterial rodded cathode of FIG. 3, 10.

FIG. 13a 15 a plot of the output power (ICEPIC simula-
tions) of the CTL CWM 75/100L magnetron with the solid
cathode of F1G. 4 (prior art).

FIG. 136 15 a plot of the output power (ICEPIC simula-
tions) of the CTL CWM 75/100L magnetron with the trans-
parent cathode of FIG. 7 (prior art).

FI1G. 13c1s aplotofthe output power (ICEPIC simulations)
of the CIL CWM 75/100L magnetron with the metamaterial
rodded cathode of FIG. 3, 10.

FIG. 14a 1s a plot of the voltage (ICEPIC simulations)
inside one of the resonators of the CIL CWM 75/100L mag-
netron with the solid cathode of FIG. 4 (prior art).

FIG. 145 1s a plot of the voltage (ICEPIC simulations)
inside one of the resonators of the CTL CWM 75/100L mag-
netron with the transparent cathode of FIG. 7 (prior art).

FIG. 14¢ 1s a plot of the voltage (ICEPIC simulations)
inside one of the resonators of the CIL CWM 75/100L mag-
netron with the metamaterial rodded cathode of FIG. 3, 10.

FIG. 15a 15 a plot of the frequency spectra of the output

voltage (ICEPIC simulations) at one of the output ports of the
CTL CWM 75/100L magnetron with the solid cathode of

FIG. 4 (prior art).

FIG. 155 15 a plot of the frequency spectra of the output
voltage (ICEPIC simulations) at one of the output ports of the
CTL CWM 75/100L magnetron with the transparent cathode
of FIG. 7 (prior art).

FIG. 15c¢ 1s a plot of the frequency spectra of the output
voltage (ICEPIC simulations) at one of the output ports of the
CTL CWM 75/100L magnetron with the metamaterial rod-
ded cathode of FIG. 3, 10.

FIG. 16 1s a plot of the smoothed anode current (ICEPIC
simulations) of the CTL CWM 75/100L. magnetron with
three different cathodes.

FIG. 17 1s a plot of the smoothed output power (ICEPIC
simulations) of the CIL CWM 75/100L. magnetron with
three different cathodes.

FIG. 18 1s a plot of the smoothed resonator voltage
(ICEPIC simulations) of the CTL CWM 75/100L magnetron
with three different cathodes.
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FIG. 19 1s a table showing the steady-state output param-
cters (ICEPIC simulations) of the CTL CWM 75/100L mag-
netron operating with different cathodes.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

A metamaterial 1s an artificial macroscopic composite with
a periodic lattice structure which produces several responses,
not available in nature, to a specific excitation.

The metamaterial cathode (imeta-cathode) of amulti-cavity
magnetron may be defined as the electron source made of a
bulk metamaterial. There are two designs of the present state-
of-the-art metamaterials. These are the three-dimensional

arrays or lattices of the metal-thin-wire (MTW) medium and
the metal-split-ring (MSR) medium. Both designs are char-
acterized by the distance between two adjacent wires a (lattice
parameter) and the wire diameter d. The MTW/MSR medium
may be considered as a metamaterial structure. The constitu-
tive parameters ol the metamaterial structure, negative-e/
positive-u and positive-e/negative-u, respectively, are func-
tions of the induced rt electric and/or magnetic fields. The
tollowing conditions should be satisfied. The lattice param-
cter of the metamaterial structure 1s less than quarter of the
wavelength A of the induced rifield, a<A/4. The wire diameter
ol the metamatenal structure 1s less than the lattice parameter,
d<a. There should be a situation where either induced rf
clectric field E, oscillates along the wires of the metamaterial
structure, or the induced rf magnetic H, field oscillates per-
pendicular to the rings ol the MSR structure. The actual lattice
parameters a, the wire diameter d, and the induced rf electric
and/or magnetic fields orientation (E,xH,) with respect to a
particular metamaterial structure can only be determined by
numerical sitmulations that are within the capabilities of those
with ordinary skill 1n the art.

The induced rf electromagnetic fields (E,xH, ) induce elec-
trical currents to oscillate within the individual metal wires of
the metamaterial structure. Those oscillations generate an
artificial electric or magnetic dipole moment, respectively,
within the metamaterial structure. The dipole moment either
constructively or negatively interacts with the induced E,"H,
fields. The net result of such an interaction 1s the modification
ol the stop/pass bands locations on the dispersion diagram of
a resonant cavity where the metamaterial structure 1s situated.
Thus, the dispersion diagram of the resonant system 1s modi-
fied by the metamaterial structures. The MTW/MSR medium
may be considered as quasi-metamaterials (transparent
medium) when the induced rt electric field 1s orthogonal to
the individual wires of the MTW/MSR medium and freely
penetrates inside of those structures. The diagram of the reso-
nant system 1s modified as well by the quasi-metamaterial
structures.

For example, there 1s one, z-component of the induced rt
clectric field, E, _, and this electric field component 1s directed
parallel to the axis of the wires of the MTW medium, which
1s, accordingly, the z-axis. In this case, the corresponding
principal permittivity, € _=e_, 1s negative, and the other two, € _
and €, are positive and can be as small as the permittivity of
free space €,. All entries of the permittivity tensor may be
varied by changing the lattice parameter a and the wire diam-
cter d of the MTW medium. In the general case, when all three
components of the induced r1 electric field are oblique with
respect to the wires of the MTW medium, all the entries of the
permittivity tensor €,; are either negative or positive or close to
the permittivity of the free space. The exact values of the
entries ot the permittivity tensor €,; depend on the orientation
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of the axes of the wires with respect to the mnduced rt electric
field, the lattice parameter a, and the geometry/dimension of
the wires d.

One embodiment of the invention 1s to use the metal-thin-
wire (MTW) and the metal-split-ring (MSR) mediums as the
meta-cathodes 1 the multi-cavity magnetrons. The term
“thin-wire” 1s used as a matter of convention. This 1s because
it reflects the relation between the wire diameter d and the
wavelength A of the magnetron operating mode only. The
actual diameter of the metallic elements (wires) of the MTW/
MSR medium may be as big as necessary to handle the
particular magnetron cathode currents and thermal loads. The
metallic elements of the MTW/MSR medium should henc
be small enough compared to the wavelength of the rt elec-
tromagnetic field induced within the magnetron resonant sys-
tem. Additionally, the MTW/MSR medium may not neces-
sarily be made of pure metal. Instead, the individual elements
of the MTW/MSR medium may be made of or covered by
specially developed explosive-emission-iriendly and high-
conductive materials (graphite, carbon fibers, etc.). Those
materials allow for low threshold and reduced vyield of the
explosive-emission plasma. In some cases the MTW/MSR
medium may even be made of dielectric materials which are
conductive 1n certain frequency ranges.

The meta-cathode made of the MTW/MSR medium 1s
placed 1nto the center of the magnetron resonant system. The
metamaterial cathodes of FIG. 1-3 correspond to the cross-
sections of the magnetron resonant systems shown 1n FIG.
8-10, respectively. The MTW/MSR medium modifies the
dispersion diagram of the magnetron resonant system. This
modification corresponds to the change of the pass/stop band
locations and the resonant frequencies of the dispersion dia-
gram. The variation of the lattice parameter a, the individual
wire diameter d, and the overall bulk geometry of the MTW/
MSR medium allows for controlled modification of the dis-
persion diagram. This also allows for the controlled selection
of the magnetron operating mode and/or damping of the
undesired neighborhood modes. The use of the MTW/MSR
medium 1n multi-cavity magnetrons results in the extension
of the range of the input voltages and external magnetic fields
at which the magnetron effectively operates in the desired
mode.

The meta-cathode made of the MTW/MSR medium may
be designed a number of different ways. A multi-cavity mag-
netron may be viewed as a centrally located electron-emitting
cathode symmetrical with respect to the longitudinal axis
surrounded by a symmetrical anode having a plurality of
resonant cavities. An external DC electric field E 1s directed
radially from the anode to the cathode (-p) and an external
DC magnetic field H, 1s directed parallel to the longitudinal
axi1s (z). During operation an electromagnetic field (E, xH, ) 1s
induced within the magnetron. This induced electromagnetic
field has a circumierential component E, 4, radial component
E,, and an axial component H, . One embodiment ot a
meta-cathode structure 1s comprised of one or more nested
helical structures. Each helical structure forms a metal-thin-
wire metamaternal lattice with a wire directed generally par-
allel to the circumierential component E, 4, of the induced rf
clectric field. Each helical structure 1s formed as a set of
metal-split-ring resonators that are generally oriented 1n a
plane perpendicular to the axial component H, _of the induced
rI magnetic field. Each individual element (helical structure)
of this meta-cathode 1s formed as a set of metallic split rings
that are electrically connected to each other. Furthermore, 1
the distance between two adjacent wires 1s a and the wire
diameter 1s d, then the following conditions should be met:
a<A/4 and d<a where A 1s the wavelength of the induced rf
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clectric field. An example of this meta-cathode 1s shown 1n
FIG. 1 and FIG. 8. In these figures, the meta-cathode consists
of four helixes, each nested 1nside the other.

Such a geometry of the MTW/MSR medium allows (1) the
circumierential component of the induced rf electric field to
oscillate along the thin wires, which induces an artificial
clectric dipole moment, and (11) the axial component of the
induced ri magnetic field to oscillate perpendicular to the
plane of the split rings, which induces an artificial magnetic
dipole moment within the body of the metamaterial cathode.
The metamaterial cathode may be made either as single helix
or as number of helical structures (double or triple helix).
Those structures are placed either inside of each other (Matry-
oshka principle) or within each other at the center of the

magnetron resonant system.

Another possible design of the meta-cathode 1s shown 1n
FI1G. 2 and FIG. 9. In this case, the individual elements of the

MTW medium are oriented parallel to the radial component
E,, of the induced rf electric field, 1.e., directed from the
central electrode toward the anode 1n the radial direction. The
length, the number, and the distance between the individual
clements of the MTW medium may vary. This design of the
meta-cathode corresponds, to some extent, to the multi-point
cathode developed as an alternative to the conventional solid
cathode.

One more design of the meta-cathode 1s shown 1n FIG. 3
and FIG. 10. This particular geometry of the MTW medium 1s
formed by the plurality of individual wires (rods) directed
parallel to the axis of the multi-cavity magnetron. In this case,
all the individual elements of the MTW medium are perpen-
dicular to both the circumierential E, 4 and the radial E,|
components of the mduced rt electric field. They are also
parallel to the axial component H,_ ofthe induced rf magnetic
field and to the axial component of the external DC magnetic
field. There are no r1 electric fields components oscillating
along the metal thin wires. Because of this, this “rodded”
cathode may be considered as a quasi-metamaterial cathode.
The quasi-metamaterial (rodded) cathode of FIG. 3 1s trans-
parent to the induced rf electric field. This metamaterial rod-
ded cathode was the subject of a presentation made 1n
November 2010 during the American Physical Society/Divi-
sion of Plasma Physic meeting (Andrey D Andreev, Kyle I
Hendricks, “Metamatenial cathodes 1n multicavity magne-
trons™).

The use of the meta-cathodes (FI1G. 1-3) in the multi-cavity
magnetrons, instead of the traditional smooth cylindrical
cathode (FIG. 4) and the helical cathode with the central
back-current electrode (FIG. 5) may be considered as the
cathode priming of those magnetrons. Among other methods
of cathode priming are: (1) the artificial selection of the emiut-
ting regions on a surface of a solid cylindrical cathode (the
PAL cathode of the University of Michigan); (11) change of a
geometrical shape of the solid cylindrical cathode (the shaped
cathode of the U.S. Pat. No. 7,245,082 B1, Jul. 17, 2007),
FIG. 6; and (i11) removal of longitudinal strips from a thin-
walled tubular cathode (the transparent cathode of U.S. Pat.
No. 7,696,696 B2, Apr. 13, 2010), FIG. 7. The cathode prim-
ing of multi-cavity magnetrons results in faster start-up times,
locking of the magnetron oscillations into the desired mag-
netron operating mode, and increasing the total radiated
microwave power/encrgy.

The transparent cathode (FIG. 7) 1s the special case of the
quasi-metamaterial rodded cathode made of a plurality of
individual emitters (rods). These emitters are arranged along
a circle of a given diameter parallel to the axis of the magne-
tron’s resonant system (longitudinally). This construction
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may be considered as the quasi-metamaterial surface rolled
up into a hollow cylinder of a given diameter.

The multi-point cathode 1s a special case of the metamate-
rial cathode made of a plurality of individual emaitters (rods).
These emitters are oriented parallel to the radial component
E, , of the induced rf electric field.

Particle-in Cell Simulations Demonstrating the
Invention

The positive effect of the quasi-metamaterial cathode on
the operation of the multi-cavity magnetron 1s demonstrated
by simulations of the ten-cavity non-relativistic strapped
magnetron whose geometrical and operational parameters are
similar to the high-power industrial heating CWM 75/100L
magnetron of California Tube Laboratory (CTL) operating in
the UHF range and producing 75-100 kW of the continuous-
wave (CW) microwave power with an efficiency near 90%
(http://www.caltubelab.com/products/cwm.html). The simu-
lations are performed using the ICEPIC code developed and
maintained by the Air Force Research Laboratory (AFRL/
RDHE). ICEPIC 1s a fully relativistic, three-dimensional,
Cartesian, variable-mesh PIC (particle-in cell) code capable
of simulating the interdisciplinary physics of charge-particle
beams, high-power microwaves, and plasmas 1 complex
geometries of modern microwave vacuum electronic devices.

The simulation model of the magnetron reflects all impor-
tant features of a typical heavily-strapped high-power indus-
trial heating and cooking UHF magnetron. It consists of (1) a
cathode block with an input port, (11) a 10-vane anode block
surrounding the emitting part of the cathode block, (111) a
“double-ring-strapping” system coupling the alternative
resonators of the anode block, and (1v) three output electrodes
connecting three vanes of the anode block with the appropri-
ate output ports. The most important geometrical dimensions
of the simulation model of the magnetron are determined by
the actual geometry of the CIL CWM 75/100L magnetron.
The anode diameter 1s 2.92 cm, the anode length 1s 4.83 cm,
the vane height1s 3.18 cm, and the vane thickness 1s 1.15 cm.
The cathode of the simulation model 1s of three different
torms: (1) solid cathode (FIG. 4); (11) the thin-walled tubular
transparent cathode FIG. 7); and (111) the quasi-metamatenal
rodded cathode (FIG. 3 and FIG. 10). The outer diameter of
all those cathodes 1s the same, 1.27 cm, and the cathode length
1s the same as the length of the anode. Simulations of the C'TL
CWM 75/100L magnetron operation with three different
cathodes are done at the same 1nput voltage V,=45 kV, and the
same external magnetic tlux density B,=0.49 T.

Results of the simulations are demonstrated by particle
plots 1n the steady-state phase of the magnetron operation
(1000 ns), traces of the anode current (FIG. 12), the output
power (FIG. 13), the resonator voltage (FIG. 14), and the
frequency spectra of the output voltage oscillations at one of
the output port (FIG. 15).

Results of the simulations show that with all three cathodes
the CIL CWM 75/100L magnetron operates in the same
steady-state Tt mode. The mode of the magnetron operation 1s
recognized by five magnetron spokes (FIG. 11) and the char-
acteristic ~890 MHz frequency of the magnetron operation
(FIG. 15). However, there 1s a significant difference 1n the
amount of the anode current (FI1G. 12) and the output micro-
wave power (FIG. 13) when the CTL CWM 75/100L mag-
netron operates with different cathodes. The highest anode
current, Ia~23.1 A (FIG. 12¢), and the output power,
Pout~819.7 kW (FIG. 17), are achueved when the CTL CWM
75/100L. magnetron operates with the quasi-metamaterial
rodded cathode (FIG. 3 and FIG. 10). Analysis of the simu-
lation results suggests that this effect 1s caused by the increase
of the amplitude of the induced rf oscillations (resonator
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voltage F1G. 14¢) within the resonant cavity of the magnetron
and not by the increase of the emission area.

Results of the simulations are summarized 1n FIG. 16
showing the smoothed anode current, FIG. 17 showing the
smoothed output power, FIG. 18 showing the envelope of the
resonator voltage, and the table of FIG. 19 showing the
steady-state output parameters of the CIL CWM 75/100L
magnetron operating with different cathodes.

The mvention claimed 1s:

1. A metamaterial cathode designed for a multi-cavity
magnetron, said magnetron being considered as a cylindrical
magnetron diode with a centrally located electron-emitting,
metamaterial cathode being symmetrical with respect to the
longitudinal axis and being surrounded by a symmetrical
anode having a plurality of resonant cavities, an external DC
clectric field EO directed radially from the anode to the cath-
ode (—p), an external DC magnetic field HO directed parallel
to the longitudinal axis (z), and during operation an induced
clectromagnetic field (E1xH1) within the magnetron associ-
ated with a traveling radio frequency (rf) wave, said induced
clectromagnetic field having a circumierential component
E1®, a radial component Elp, and an axial component H1z,
said magnetron comprised of:

a. a bulk metamaterial cathode of one or more nested heli-
cal structures with each helix comprised of a metal-thin-
wire with each mdividual wire directed generally paral-
lel to the circumierential component E1® of the induced
rT electric field and each helical structure forming a set of
metal-split-ring resonators that are generally oriented 1n
a plane perpendicular to the axial component H1z of the
induced rf magnetic field, each of said metal-split-ring
resonators being electrically connected to each other;
and

b. said metal-thin-wires having a distance a between two
adjacent wires and a wire diameter d with a<<A/4 and d<a
where A 1s the wavelength of the induced rf electric field,
whereby the circumierential component of the induced
1T electric field (E1®) oscillates along the wires of each
helix imnducing an artificial electric dipole moment and
the axial component of the induced rf magnetic field
(H1z) oscillates generally perpendicular to the plane of
the split rings inducing an artificial magnetic dipole
moment within the body of the metamaterial cathode
which either constructively or negatively interacts with
the induced E1xH]1 field modifying the stop/pass band
locations on the dispersion diagram of the magnetron
resonant system and thereby improving the output char-
acteristics of said multi-cavity magnetron.

2. The metamaterial cathode designed for a multi-cavity
magnetron of claim 1, whereby said cathode 1s comprised of
or covered by a specially developed explosive-emission-
friendly and highly conductive material.

3. The metamaterial cathode designed for a multi-cavity
magnetron of claim 1, whereby said cathode 1s comprised of
or covered by graphite.

4. The metamatenial cathode designed for a multi-cavity
magnetron of claim 1, whereby said cathode 1s comprised of
or covered by carbon fiber.

5. The metamaterial cathode designed for a multi-cavity
magnetron of claim 1, whereby a 1s approximately 0.2 cm, d
1s approximately 0.1 cm and A 1s approximately 33.7 cm.

6. A metamaterial cathode designed for a multi-cavity
magnetron, said magnetron being considered as a cylindrical
magnetron diode with a centrally located electron-emitting,
metamaterial cathode being symmetrical with respect to the
longitudinal axis and being surrounded by a symmetrical
anode having a plurality of resonant cavities, an external DC




US 8,508,132 Bl

9

clectric field EO directed radially from the anode to the cath-
ode (—p), an external DC magnetic field HO directed parallel

to the longitudinal axis (z), and during operation an mnduced
clectromagnetic field (E1xH1) within the magnetron associ-
ated with a traveling radio frequency (rf) wave, said induced °
clectromagnetic field haying a circumierential component
E1®, a radial component Elp, and an axial component H1z,
said magnetron comprised of:

a. a bulk metamaterial cathode comprised of a plurality of
individual elements with each individual element com-
prised ol a metal-thin-wire directed from the central
cathode toward the anode 1n the radial direction; and

b. said metal-thin-wires having a distance a between two

adjacent wires and a wire diameter d with a<A/4 and d<a

where A 1s the wavelength of the induced rf electric field.

7. The metamaterial cathode designed for a multi-cavity
magnetron of claim 6, whereby said cathode 1s comprised of
or covered by a specially developed explosive-emission-
friendly and highly conductive material.

8. The metamaterial cathode designed for a multi-cavity
magnetron of claim 6, whereby said cathode 1s comprised of
or covered by graphite.

9. The metamaterial cathode designed for a multi-cavity
magnetron of claim 6, whereby said cathode 1s comprised of
or covered by carbon fiber.

10. The metamaterial cathode designed for a multi-cavity
magnetron of claim 6, whereby a 1s approximately 0.2 cm, d
1s approximately 0.1 cm and A 1s approximately 33.7 cm.

11. A metamatenial cathode designed for a multi-cavity
magnetron, said magnetron being considered as a cylindrical
magnetron diode with a centrally located electron-emitting,
metamaterial cathode being symmetrical with respect to the
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longitudinal axis and being surrounded by a symmetrical
anode having a plurality of resonant cavities, an external DC
clectric field EO directed radially from the anode to the cath-
ode (-p), an external DC magnetic field HO directed parallel
to the longitudinal axis (z), and during operation an induced
clectromagnetic field (E1xH1) within the magnetron associ-
ated with a traveling radio frequency (rf) wave, said induced
clectromagnetic field having a circumierential component
E1®, a radial component Elp, and an axial component H1z,
said magnetron comprised of:

a. a bulk metamaterial cathode comprised of a plurality of
individual elements with each individual element com-
prised ol a metal-thin-wire rod directed parallel to the
longitudinal axis of the cathode; and

b. said metal-thin-wire rods having a distance a between
two adjacent wires and a wire diameter d with a<A/4 and
d<a where A 1s the wavelength of the induced r1 electric
field.

12. The metamaterial cathode designed for a multi-cavity
magnetron of claim 11, whereby said cathode 1s comprised of
or covered by a specially developed explosive-emission-
friendly and highly conductive material.

13. The metamaterial cathode designed for a multi-cavity
magnetron of claim 11, whereby said cathode 1s comprised of
or covered by graphite.

14. The metamaterial cathode designed for a multi-cavity
magnetron of claim 11, whereby said cathode 1s comprised of
or covered by carbon fiber.

15. The metamaterial cathode designed for a multi-cavity
magnetron of claim 11, whereby a 1s approximately 0.2 cm, d
1s approximately 0.1 cm and A 1s approximately 33.7 cm.
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